To characterize differences in regional cAMP production in the cardiac conduction system, 18 rats were anesthetized with pentobarbital (65 mglkg IP) and randomized into a control (n = 9) and a stimulated group (n = 9). The stimulated group received aminophylline (20 mglkg SC) and isoproterenol (16 pglkg SC). The concentration of cAMP in freezedried, micro dissected pieces (1-3 pg) of cardiac tissue was measured using a new microanalytical method. The cAMP contents in right atrium, atrioventricular node, His bundle, and left ventride (fmollccg dry weight, mean k SE) were 38.9 k 2.5,39.0 2 4.3,46.4 k 6.1,and41.4 2 3.3incontrols and 72.9 2 6.7, 86.1 2.9, 115.0 2 11.5, and 79.5 k 7.3 in the stimulated group, respectively. Basal CAMP levels were similar throughout the heart, whereas isopro-
Introduction
Adrenergic control of conduction and automaticity within the atrioventricular (AV) node and His bundle is known to play a critical role in the cellular electrical activity in this region of the heart (1). Although much is known about the electrophysiological and histological properties of the cardiac conduction system, relatively little is known about the biochemical regulation of 0-adrenergic receptormediated pathways under normal and abnormal physiological conditions. This is due, in part, to problems of tissue preservation, anatomic complexity, cell heterogeneity, and microscopic size (3).
We and others have recently used quantitative autoradiography techniques to evaluate differences in P-adrenergic density and subtypes between the AV nodal region and left ventricular muscle (4) (5) (6) . In those studies, significantly more 0-adrenoceptors were measured in the AV node compared with ventricular muscle tissue. However, the potential functional importance of these observations remains unknown. Moreover, recent studies suggest that the physiological effects of 0-adrenergic stimulation are not always linked to increases in cAMP production (7) . Given the higher proportion of 02-adrenoceptors in the AV nodal region compared with Correspondence to: Keith G. Lurie, MD, Box 508, UMHC. 420 Delaware St. SE, Minneapolis, MN 55455. terenol increased cAMP levels in all regions @<O.Ol). Furthermore, cAMP levels in His bundle, after isoproterenol, were higher than in any other region w0.05). These results demonstrate that: (a) CAMP can be measured in discrete portions of the cardiac conduction system; (b) there are significant regional differences of p-adrenergic control in the cardiac conduction system; and (c) cAMP production after B-adrenergic stimulation was lower than expected in the AV nodal region, based on previously described P-adrenoceptor density measurements. ( J Histochem Cytochem 43601 -605, 1995) KEY WORDS: Heart; Atrioventricular node; His bundle; Adenosine 3',Ymonophosphate; Enzymatic cycling. contractile myocardium and the differences in physiological effects when 01or 02-adrenoceptors are selectively stimulated (S), it is important to determine whether P-adrenergic stimulation in different regions of the heart results in cAMP production in proportion to the differences in P-adrenoceptor number.
The purpose of this study, therefore, was to measure regional levels of CAMP in cardiac contractile and conductive tissues. To overcome previous problems related to localization of specific conduction system elements and measurement of CAMP in small samples, we modified a recently described non-radioactive fluorometric assay for cAMP (9) and made it sensitive enough to detect small regional differences in cAMP content in microdissected, freeze-dried 20-pm thick sections of the rat cardiac conduction system. cAMP was assessed under basal conditions and after pharmacological stimulation with the P-adrenergic agonist isoproterenol. We describe a new method to measure cAMP and the application of this method to the rat cardiac conduction system. The findings suggest that Badrenergic regulation of AV nodal function is more complex than previously considered. In addition, the potential broader implication of this new approach is discussed.
Materials and Methods
Tissue Preparation. Male Sprague-Dawley rats weighing 250-280 g were anesthetized with pentobarbital (65 mglkg, IP) and randomized into a control (n = 9) and a stimulated group (n = 9). Fifteen min later, electrocardi-SUGIYAMA, McKNITE, WIEGN, LURIE ograms were recorded. Control rats received no additional drug, and stimu-(16 pglkg x). Fifteen min after receiving aminophylline, the electrocardiograms were repeated only for the stimulated group. Twenty min after in-Glycogen + phosphate glycogen -bglucose-l-phosphate phovhory1aSc-a Glucose-6-phosphate + glucose-1-phosphate lated rats received aminophylline (20 mglkg X) and 5 min later isoproterenol alkilinc phospharax 2 glucose + P, jection of aminophylline, all rats were sacrificed and hearts were removed and plunged into liquid monochloro-difluoromethane pre-cooled with crushed dry ice (-8O'C). Samples were stored at -8O'C until they were sectioned by cryostat as previously described (3). Time from removal of a heart to placement in liquid monochloro-difluoromethane was <5 sec.
Each heart was mounted on the cryostat chuck oriented with the interventricular septum perpendicular to the plane of the chuck. The blade was positioned to section serially, beginning at the base of the heart, at an angle of 30'. In this way, the AV node and His bundle regions were cut in 20-pm-thick sections orthogonally to the endocardial surface and prepared as previously described (3). Briefly, alternate sections mounted on gelatincoated glass slides were stained with acetylthiocholine for acetylcholinesterase activity and with hematoxylin for counterstaining (3,lO) . The stained sections served as a guide (3,ll) . Frozen sections were stored under vacuum at -4O'C for at least 48 hr to be dried. They were then brought to room temperature (RT) and microdissected under a stereomicroscope. Sample weights were measured using a fishpole balance (Amersil; Hillside, NJ), which was constructed using a quartz fiber mounted horizontally by one end. This technique, and how to calibrate the scale, are well-described by Lowry and Passonneau (11) . Sample weight ranged from 1-3 pg. Large nerve bundles, histologically distinct from other portions of the AV node and His bundle, were not used for the assay of conduction system. Sets of six tissue pieceslregion were analyzed for each animal.
The acetylcholinesterase stain, which stains conductive elements an intense rust color, was used to identify specific regions of the conduction system (3). As described previously (3), the AV node was specifically identified by its anatomic location within the lower portion of the interatrial septum, the presence of the AV nodal artery, and its relationship with the fibrous trigone and the His bundle. The His bundle was localized by its position at the summit of the interventricular septum, being contiguous to but anterior to the AV node, separate from the atria, and anteromedial to the tricuspid valve. With acetylcholinesterase staining, proximal portions of the bundle branches were readily localized as they track from the His and common bundle region. Right atrial and left ventricular samples were obtained from contractile myocardium near the conductive elements. Care was taken during the microdissection process of all tissue to avoid including surrounding fibrous tissue and the connective tissue matrix. Only the most densely acetylcholinesterase-stained sections from AV nodal and His bundle samples were used for biochemical analysis.
Enzymatic Assay of CAMP using the Oil Well Technique. To measure cAMP in the freeze-dried dissected tissue, samples from conductive and contractile tissue were placed in holes drilled in a block of Teflon (oil well) and 0.2 pl of 0.02 N NaOH was added to each sample with a constriction pipette (Tanja Kyander-Teutsh; Ulm, Germany). This technique is welldescribed by Lowry and Passonneau (11) . Each oil well rack consists of a 20 x 120-mm block S-mm thick drilled with 60 holes of 3-mm diameter. A volume of 0.2 p1 of known amount of CAMP standard, prepared in 0.02 N NaOH, was also added to the holes. The holes were then filled with oil (40% hexadecane and 60% USP light mineral oil) and the oil wells were heated at 80°C for 30 min to extract the tissue CAMP. A duplicate set of left ventricular samples was similarly prepared and used as an internal tissue blank control (see below). The assay consisted of five reaction steps, as follows.
Step 1:
Adenosine + H 2 0 a d c n o s i n e W i n o s i n e + NHj After the tissue samples were cooled, a volume of 0.4 pl of "cleaning" reaction mix (100 mM Tris-HC1, pH 8.0, 3 mM MgClz, 3 U/ml apyrase, 3.75 U/ml5' nucleotidase, 150 pg/ml adenosine deaminase, 30 Ulml alkaline phosphatase, 75 pg/ml glycogen phosphorylase-a) was added to destroy all endogenous adenine nucleotides, glycogen, and glucose-6phosphate. After incubation at 37°C for 1 hr. the reaction was stopped by heating at 80°C for 30 min.
Step 2 :
. AMP phasphodiestcrare cAMP was converted to AMP with the addition of 0.4 p1 of phosphodiesterase reaction mix (25 mM Tris-HC1, pH 8.0, 2 mM MgClz. 0.025% bovine serum albumin; 5 mM K2HP04, 50 pglml 3'.5'-cyclic nucleotide phosphodiesterase). After incubation at 37°C for 30 min, the reaction was stopped by heating at 80°C for 5 min. An internal tissue blank was constructed by adding 0.4 p1 of buffer (25 mM Eis-HC1, pH 8.0, 2 mM MgC12. 0.025% bovine serum albumin. 5 mM KzHP04) without phosphodiesterase to the parallel set of control samples from Step 1.
Step 3:
The fluorometric assay for cAMP relies on the principle that stimulation of glycogen phosphorylase-a by AMP results in a concentrationdependent increase in phosphorylase activity by reducing the K, for both glycogen and phosphate (9, (12) (13) (14) . Stimulation of glycogen phosphorylase-a was initiated with the addition of 0.4 p1 of glycogen phosphorylase-a reaction mix (50 mM Tris-HCI, pH 8.0, 2 mM MgC12. 3.5 mM EGTA. 1.75 mM dithiothreitol, 0.01% bovine serum albumin, 1 mM glycogen, 3.5 pM glucose-1,6-diphosphate, 0.35 mM NADP', 3.5 pg/ml glycogen phosphorylase-a, 35 pg/ml phosphoglucomutase, 7 pg/ml glucose-6phosphate dehydrogenase) to the oil wells containing the reaction products from Step 2. After incubation at 31°C for 1 hr, a volume of 1.0 p1 of 0.45 N NaOH was added to each well and the oil wells were heated at 80°C for 30 min.
Step 4: A 1 -4 aliquot was transferred from each oil well into a 10 x 75-mm Pyrex tube (Corning; New York, NY) and a volume of 50 p1 of cycling reagent (100 mM Tris-acetate, pH 8.0, 10 mM ammonium acetate, 5 mM a-ketoglutarate, 0.04% bovine serum albumin, 5 mM glucose-6-phosphate, 1 mM ADP, 30 pglml glutamate dehydrogenase, 5 pg/ml glucose-6phosphate dehydrogenase) was added. The cycling of NADPH was performed as described by Lowry and Passonneau (11) . After incubation at 37°C for 1 hr, the reactions were terminated by heating at 90°C for 5 min.
A volume of 900 pI of indicator reaction mix (50 mM Tris-HCI, pH 8.0, 5 mM MgC12, 0.1 mM EDTA, 30 mM ammonium acetate, 200 pM NADP+, 2.5 pglml6-phosphogluconate dehydrogenase) was added to the reaction products from Step 4. After 30 min at RT, the final concentration of NADPH was measured with a fluorometer (Optical Technology Devices; New York. NY) at the setting in which a reading of 10 fluorometric units was equivalent to 1 nmol of NADPH in 900 pl of buffer (50 mM Tris-HCI, pH 8.0). When new enzyme batches were used, individual reactions steps were verified by concurrently assaying internal standards using known concentrations of the appropriate substrate (e.g., AMP standard was used to assess Step 3, NADPH standard was used to assess Step 4, and 6-phosphogluconate standard was used to assess Step 5 ) .
Assay Variables. Cleavage of the diester linkage of cAMP in
Step 2 is complete after 30 min at 37'C using phosphodiesterase in a concentration of 20 pglml. We tested a range of phosphodiesterase concentrations (10-80 pglml) and observed that small amounts of 5' nucleotidase contamination in the phosphodiesterase resulted in a loss of AMP if the reaction times were more prolonged or the concentration of phosphodiesterase was greater than 20 pglml in the reaction.
The sensitivity of the cAMP assay is dependent on a number of factors, including the amount and the specific activity of glycogen phosphorylase-a, the reaction time, and the assay reaction volumes in Step 3. In general, reduction in assay volumes increases the lower limits of detection of CAMP in this assay, We used a volume of 0.4 pl for each reaction for the purposes of convenience in Steps 1-3. For measurement of higher concentrations of CAMP, e.g., when assaying cAMP in the range of 0.4-2.0 pmol, the concentration of glycogen phosphorylase-a can be increased to 2.5-fold higher and the reaction time in Step 3 can be shortened to 30 min. Given the low level of cAMP in the small pieces of tissue (1-3 pg), a second amplification step using a series of NADFINADPH cycling reactions was used to increase assay sensitivity. This enzymatic cycling (Step 4) results in a 1000-fold amplification of NADPH from Step 3. This combination of amplification reactions results in a highly sensitive assay. In these studies, we arbitrarily adjusted the fluorometer such that a single fluorescence unit was equivalent to 100 pmol of NADPH fluorescence. In this manner, the sensitivity of the assay could be calculated by dividing 1 fluorescence unit by the slope of the cAMP standard curve. This current method can be used to detect ( 5 fmol cAMPlassay and makes it possible to measure cAMP in samples of tissue weighing less than 1 pg dry weight. Assay sensitivity can be easily varied depending on requirements of a particular experiment. The reaction volumes, cycling time duration, and concentration of enzymes, substrates, and co-factors in this report provide convenient guidelines for measuring a wide range of cAMP (5-2,000 fmol).
Biochemical Materials and Statistics. The enzymes and substrates used in this study were obtained from Boehringer-Mannheim (Indianapolis, IN) , except for apyrase and 5' nucleotidase, which were obtained from Sigma (St Louis, MO). This enzymatic microassay relies on the specific activity of glycogen phosphorylase-a, which can be somewhat variable from lot to lot, at least in the presently commercially available forms (Sigma or Boehringer-Mannheim) (9). We therefore pre-evaluated glycogen phosphorylase-a activity as follows. A volume of 400 pl of AMP reaction mix (50 mM imidazole-HC1, pH 6.9, 0.1 mM EGTA, 0.5 mM MgCIz, 0.5 mM dithiothreitol, 0.010/0 bovine serum albumin, 0.2 mM glycogen, 1.5 mM K2HP04, 0.15 mM NADP', 2 pM glucose-1,6-diphosphate, 2.23 pglml glycogen phosphorylase-a, 5 pglml phosphoglucomutase, 5 pglml glucose-6-phosphate dehydrogenase) was added to a Pyrex tube and incubated with or without 100 pmol of AMP at 31°C for 10 min. buffer, pH 9.9. The concentration of NADPH was measured with afluorometer. If there was >/threefold more NADPH with AMP stimulation compared with controls, the particular batch of glycogen phosphorylase-a was used. The stock solution of 10 mg/ml glycogen phosphorylase-a was prepared with 100 mM imidazole-HCI, pH 6.9, 0.04% bovine serum albumin, and 50°h glycerol, and it could be stored at 4°C for at least 2 weeks without a significant loss of activity. All data are presented as mean T SE. The statistical comparisons of mean values were evaluated by Student's t-test. P values of less than 0.05 were considered significant.
Results

Assay Develop men t
Representative cAMP standard curves in the absence and presence of phosphodiesterase in Step 2 are shown in Figure 1 . The cAMP standard curve without phosphodiesterase (Figure 1, open circles) was linear, with a slope of 0 and a fluorescence reading of 39, which demonstrated the specificity of this assay. We repeated this experiment 18 times and found that the results were reproducible. The standard curve with phosphodiesterase ( Figure 1, closed circles) was linear and had a slope of 0.25 and fluorescence readings from 41 to 136 over a cAMP concentration range from 0-374 fmol. The magnitude of the slope and blank reading is dependent on a number of factors, including the specific activity and concentration of glycogen phosphorylase-a (9, (12) (13) (14) .
A representative experiment demonstrating the effectiveness of the "cleaning" reaction is shown in Figure 2 . In the presence of increasing concentrations of AMP added to the reaction mix in Step 1, there was no increase in fluorescence when the "cleaning" reaction enzymes were present (Figure 2, closed circles) . The slope of the resultant standard curve was 0. In contrast, without "cleaning" reaction enzymes in Step 1, the AMP standard curve was a straight line with a slope of 0.21 (Figure 2 , open circles). AMP or ATP tested in concentrations as high as 20 pmollassay reaction (data not shown) was completely destroyed with the "cleaning" reactions. Taken together, these results indicate that the "cleaning" reaction steps are effective in removing all non-cyclic adenine nucleotides that might affect cAMP measurement. We repeated this experiment 18 times and found that the results were reproducible. The results did not differ by more than 5%.
A m y Application cAMP was measured under basal conditions and after adrenergic stimulation in anesthetized rats. The basal heart rate was 368 2 13 beatslmin in the control group and 344 +. 18 beatslmin in the stimulated group (p = NS). After 8-adrenergic agonist stimulation, heart rates of stimulated group rats increased to 451 * 8 beats/min (p<O.Ol). The PR interval (msec) in stimulated rats shortened with the 8-adrenergic agonist from 51.4 * 1.7 to 48.0 * 1.1 (p<O.Ol), and the QRS duration (msec) shortened from 14.2 * 1.6 to 11.6 0.9 (p<O.Ol). It is known that tissue itself may have some intrinsic fluorescence and contribute to the total fluorescence reading (11). This problem can be generally minimized by using enzymatic cycling, since the intrinsic tissue fluorescence is not amplified (11). By using tissue blank values to calculate the amount of CAMP in "unknown"' samples, the potential problem of intrinsic fluorescence is elimi-nated because the amount of CAMP is calculated by the difference between the fluorometric tissue reading and the tissue blank reading. When this method for constructing tissue blanks was used in the present study, the same volume of buffer without phosphodiesterase had to be added in Step 2 to keep the assay conditions the same. An alternative and easier method to calculate tissue cAMP content is to use the standard curve value with cAMP = 0 as standard blank, since no intrinsic fluorescence can be detected when small pieces of tissue (1-3 pg) are used, as in this study. In preliminary studies, we compared these two approaches. The cAMP standard curve had a fluorescence value of 39.3 2 0.7 when cAMP = 0 and a value of 107.3 * 0.9 when cAMP = 507.7 fmol (standard curve is not shown). The tissue blank, constructed in the absence of phosphodiesterase in Step 2, was 40.0 r 0.5. Therefore, there was effectively no difference between tissue blank reading and standard blank reading. For calculating the amount of CAMP in an unknown sample, the following formula can therefore be used: [(tissue fluorescence readingtissue or standard blank reading)/slope of standard curve]/tissue weight. We routinely assayed sets of six tissue pieces/region. The results of multiple analyses of a single reaction did not differ by more than 10%. The variability of fluorometric readings of six tissue pieceslregion was less than 5% in 60 experiments of 72.
The cAMP contents in right atrium, AV node, His bundle and left ventricle (fmol/pg dry weight) were 38.9 t 2.5, 39.0 * 4.3, 46.4 k 6.1, 41.4 * 3.3 in the control group and 72.9 * 6.7, 86.1 * 2.9, 115.0 +. 11.5, 79.5 2 7.3 in the stimulated group, respectively, as shown in Figure 3 . Basal cAMP concentrations were similar throughout the heart. After B-adrenergic stimulation, cAMP levels were significantly higher in all regions compared with baseline (p<O.Ol). In addition, after isoproterenol, cAMP in the His bundle was significantly higher than in the adjacent AV node, right atrium, and left ventricle (p<o.O>). 
